Abstract -Introduction. The effects of tree age on the quality of olive oil are not very clear. Data on the mineral element content in different plant organs of cv. Chemlali are also very scarce, and the correlation between tree age and mineral content is still unclear. Materials and methods. A two-year study was conducted on irrigated 'Chemlali' olive trees of two different ages (12 years old vs. 24 years old) in order to verify possible effects on either the nutritional balance in different plant organs (leaves, roots, fruits) or the virgin olive oil (VOO) quality. Results and discussion. The 24-year-old trees showed a higher mineral concentration with respect to 12-year-old trees in roots and fruits, whereas the opposite was reported for the leaves. Total phenols and induction time values were significantly lower in VOO from 24-year-old trees. Palmitic, palmitoleic, stearic and linoleic acid concentrations were higher in VOO of 24-year-old trees. Conclusion. These results can be useful in order to discriminate the characteristics of VOO obtained from trees of different ages and the mineral content data can be used for the optimization of the fertilization schedules with respect to the olive tree age for more sustainable management of olive groves.
Introduction
In Tunisia more than 60 million olive trees are spread over 1.6 million ha [1] . Olive oil represents almost 47% of the Tunisian agri-food exports and 5.5% of the total exports of the country. Tunisia exports about 70% of the national production, an average of 165 000 t year −1 , and is the 4 th largest olive oil-producing country in the world after Spain, Italy and Greece [2] . 'Chemlali' is the main Tunisian cultivar and trees are cultivated on 1.3 million ha in northern and central Tunisia. Around 80% of Tunisia's oil comes from 'Chemlali' [3] .
Data referring to the mineral element content in different plant organs of 'Chemlali' are very scarce, and the correlation between tree age and mineral content is still unclear. Leaf diagnosis is the main option for determining the tree nutritional requirements at a specific physiological stage. Leaf analysis, coupled with data on soil chemical parameters, can give more accurate information on the nutritional status of the olive grove in order to schedule fertilization programs. Leaf analysis can also be useful for a) identifying nutritional disorders, b) detecting low nutrient levels before detrimental deficiencies appear, c) measuring the response to fertilization programs and d) detecting toxicities caused by elements such as chloride (Cl), boron (B) and sodium (Na). The agronomic practices, cultivar, pedoclimatic conditions, grade of ripening, harvest time and processing methods [4] can modify olive fruit characteristics and virgin olive oil (VOO) quality, such as polyphenols and volatile compounds [5, 6] . Even taking into account all these aspects, the influence of tree age on both the nutritional status of different olive tree organs and VOO quality has been scarcely investigated. The aims of the present study were to investigate the influence of olive tree age (12 years old vs. 24 years old) on the nutritional balance in different plant organs and VOO quality.
Materials and methods

Plant material and experimental site
The trial was conducted in two years, 2014 and 2015. The olive grove was located in Sfax (34 • 43 N, 10
• 41 E) in Central-Eastern Tunisia. In this geographical area, the rainfall was 254 mm in 2014 and 128 mm in 2015. Olive trees [Olea europaea (L.) cv. Chemlali] were spaced 24 × 24 m, trained to vase and rainfed. A randomized block design, with two blocks of 1 ha (17 trees block −1 ) and each block with olive trees of two different ages, was used. The first block consisted of 12-year-old trees (12y-T), whereas the other consisted of 24-year-old trees (24y-T). The canopy volume of the trees was 11.24 m 3 and 17.55 m 3 for 12y-T and 24y-T, respectively. The two blocks had the same clone of 'Chemlali' and were very close to each other. The cultural practices (pruning, pest control, fertilization, tillage, etc.) used were the same for the two blocks. In particular, trees received an irrigation volume which ranged from 4,200 to 5,000 m 3 ha −1 for 12y-T and 24y-T, respectively, in order to keep identical experimental conditions (above 6% of soil water content) in both blocks. In both years of the trial, trees were fertilized with 30 t of decomposed green compost for an input of 285 kg N, 45 kg P and 185 kg K. 
Soil characteristics
Representative soil samples of the volume explored by the roots were taken at 0−180 cm depth (30 cm each) by using a soil auger. The soil samples (four for each depth) were airdried at room temperature, crushed to pass a 2-mm sieve, and mixed thoroughly for analysis. The texture of the soil was determined using the pipette method according to Ge and Or [7] . The soil pH was determined with a pH meter (420A, Orient) in water (pH H2O ) and in saline solution of 0.01 M CaCl 2 (pH CaCl2 ). The soil/water ratio of the suspensions was 1:2.5 (w/v). The soil of the experimental site was classified as sandy soil according to the USDA classification and was identical in the two blocks. The sand content was very abundant, up to 93.0% at 30−50 cm. As a consequence, the silt content was very low, ranging from 2.0 to 6.0%, and the clay content varied only from 5.0 to 7.5%, respectively, at 30−50 cm and 120−180 cm ( 
Root sampling and mineral analysis
Fine roots were sampled (eight samples per type of tree) in four periods (winter, spring, summer and fall) of each year, placed in paper bags and stored in a portable cooler for the determination of nutrient concentrations. Successively, the roots were dried in an oven (60
• C) and analyzed according to the methods described by [9] . Mineral element (N, P, K and Ca) analysis was carried out after dry-ashing at 450
• C in a muffle oven (HEROTEC) and digestion of the ashes with 1 M HNO 3 . Total nitrogen was determined with the Kjeldahl method. K was determined by atomic emission spectrophotometry (JEN-WAY PFP7, Milan, Italy). The Ca was analyzed by atomic absorption spectrophotometry (Perkin Elmer A Analyst 300, Perkin Elmer Inc., Willesley, MA, USA). P in roots was determined by a vanadomolybdate colorimetric procedure with a JENWAY 6405 UV/Vis Spectrophotometer (Milan, Italy).
Leaf sampling and mineral analysis
Fully developed leaves were taken from the middle portion of the current year shoots taken from the external and internal canopy in the four cardinal directions (8 shoots tree −1 ) for each tree. They were collected each month during the trial period, placed in paper bags and stored in a portable cooler. Successively, the leaves were dried in an oven (60
• C) and analyzed according to the methods described by [9] Analyses of N, P, K and Ca were done by using the same methods used for roots.
Fruit sampling and mineral analysis
Healthy fruits were hand-picked during ripening (summer) and at harvest. Fruits were sampled from all the olive trees (1 kg tree −1 ) of each block. The pulp and stone were separated, dried at 60
• C and successively ground. Mineral analyses were carried out following the same methods previously described for roots and leaves.
Olive and oil analyses
In the two years, the average yield of the two types of tree was 70 kg and 160 kg for 12y-T and 24y-T, respectively. Samples of approximately 5 g of olive pulp from 50 olives were weighed, then dried for 24 h at 105
• C, cooled for 30 min in a desiccator and reweighed. The oil content was determined by Soxhlet extraction and was expressed as a percentage of the dry olive paste weight.
Oil extraction was carried out in similar industrial extraction conditions using an Abencor analyzer (MC2 Ingenieria y Sistemas, Sevilla, Spain). Olives (2.0 kg) were crushed with a hammer mill and were slowly mixed for 30 min at 25
• C. Then, the paste obtained was centrifuged at 3,500 rpm for 3 min. The oil was separated by decanting, transferred into dark glass bottles and stored in a dark and cool place at 14
• C (eight samples per type of tree).
Free acidity, expressed as percent of oleic acid (C18:1), was determined by titration of a solution of oil dissolved in ethanol-ether (1:1) with ethanolic potash according to the official methods described in EEC Regulation no. 2568/91 and UV absorption characteristics (K 232 and K 270 ) were determined according to the European Union Commission [10] and subsequent amendments.
Total phenols were extracted with water: methanol buffer (60:40) three times, from an oil-in-hexane solution, according to the method described by [11] and determined colorimetrically using Folin-Ciocalteu reagent [12] . The absorbance was measured at 727 nm with a spectrophotometer (Perkin Elmer UV/Vis Spectrophotometer, Norwalk, CT). Results were expressed as mg caffeic acid kg −1 oil. The induction time was evaluated by the Rancimat method [13] . Stability was expressed as the oxidation time (hours) with the Rancimat 679 model (Metrohm, Switzerland). Fatty acids were converted to fatty acid methyl esters (FAMEs) according to Cecchi et al. [14] . The FAMEs were prepared by vigorous shaking of an oil solution in hexane (0.5 g in 5 mL) with 0.5 mL of 2N methanolic potash and analyzed using a Shimadzu 17 Autosystem gas chromatograph (SP2330, Supelco) equipped with a flame ionization detector (FID) and a fused silica capillary column (15 m length × 0.25 mm wide × 0.15 µm film thickness). Nitrogen was used as a carrier gas with a flow through the column of 1 mL min −1 . The temperatures of the injector and detector were 220 and 250
• C, respectively, while the oven temperature was 180
• C. Results were expressed as a relative percentage of the total area.
Statistical analysis
All data collected were subjected to analysis of variance (ANOVA), with the two treatments as the independent variables. Statistical analyses were carried out with SPSS 10 for Windows (SPSS Inc., Chicago, IL, USA). The mean values of all parameters were compared using the LSD test at P < 0.05.
Results and discussion
Influence of tree age on seasonal variation of mineral composition of roots
The age of the olive trees was a key factor in influencing the N, P, K and Ca concentration in roots (table II) . Nitrogen is one of the essential nutrients needed by plants and a key mineral for olive trees because it facilitates nutrient uptake by increasing their availability to the plant [15] . The concentration of N in the roots ranged from 0.85 to 1.65% (dry weight) and showed the highest values in fall, 1.65% (24y-T) and 1.50% (12y-T). The lowest values were recorded in summer, 0.90% (24y-T) and 0.75% (12y-T).
Phosphorus is an important structural component of olive tree tissues; it is essential for energy storage and transfer (ATP) and its adequate supply at the early growth stage is important for root growth, development of reproductive organs, disease and drought stress resistance [16] . The P concentration in the roots varied between 0.04 and 0.13%, with the highest values in winter, 0.13% (24y-T) and 0.09% (12y-T). The lowest value for the 24y-T was recorded in fall (0.04%), probably due to high demand for these elements for oil biosynthesis in the olive fruit [17, 18] . The level of fruit load associated with age directly influenced the annual mineral balance in olive trees. The lowest P concentration in the roots of 12y-T was recorded in spring (0.04%), probably due to vegetative growth stimulation.
The potassium content in roots showed the highest values in winter, 0.95% (24y-T) and 0.90% (12y-T). The lowest values were recorded in fall (0.30%) for the 24y-T and in summer Table II . Root and leaf contents of N, P, K and Ca in 24-year-old (24y-T) and 12-year-old (12y-T) olive trees (in 2014 and 2015). Data represent mean values of three replicates for each type of tree, year and season (n = 8). (0.19%) for the 12y-T, when there is potassium translocation toward the developing fruit.
Calcium is vital to olive tree growth because it is an essential constituent of cell walls and contributes to the mechanical resistance of tissues; it also acts as an activator of some enzymes. The Ca concentration in roots ranged from 1.23 to 3.30%. The calcium content in summer was very high, 3.30% (24y-T) and 2.51% (12y-T). The lowest values were recorded in winter, 1.70% and 1.23% for 24y-T and 12y-T, respectively. The Ca accumulation in roots may be a strategy of the olive tree in order to reduce absorption of Na; in fact, Ca plays a key role in limiting the toxic effects of Na on the integrity of the plasma membrane in root cells [19] . A low concentration of both Na and Cl was measured in the roots (data not shown). This result can also explain the salt tolerance of 'Chemlali' through a system based on an exclusion mechanism in the root system to limit the ion (mainly Na and Cl) uptake and translocation from the roots to the shoots. The Ca accumulation can also explain the decrease of K in the roots. In fact, Ca can enhance the selectivity for the uptake and transport of K toward the other plant organs (leaves, stems, fruits).
In general, higher N, P, K and Ca concentrations were measured in roots of 24y-T compared with 12y-T . Such differences can probably be ascribed to: (i) a slight absorption of macro-elements by the less wide and developed root system of 12y-T compared with the higher absorption capacity of the bigger root system of 24y-T and (ii) the transport of these elements toward the leaves for the shoot growth and tree development, which can happen at higher rates in younger trees.
Influence of the tree age on seasonal variation of mineral composition of leaves
The age of the olive tree is a factor clearly influencing the N, P, K and Ca concentration in leaves (table II). The concentration of N in the leaves ranged from 1.23 to 2.51% and the highest values were measured in fall, 1.78% and 2.51% for 24y-T and 12y-T, respectively (table II). The lowest values were recorded in summer, 1.23% (24y-T) and 1.90 % (12y-T).
The concentration of P in the leaves ranged from 0.04 to 0.13%, with the highest values in winter, 0.10% and 0.13% for 24y-T and 12y-T, respectively. The lowest values were recorded in summer, 0.04% and 0.06%, respectively.
The concentration of K in the leaves varied from 0.43 to 1.10%, with peaks in fall, 0.97% (24y-T) and 1.10% (12y-T).
The lowest values were recorded in summer, 0.43% (24y-T) and 0.60 % (12y-T). The low K values were probably a consequence of the low concentration of this element in the decomposed green compost and probably an application of exhausted olive pomace (a by-product of the oil industry) would have increased the K concentration [20] .
The concentration of Ca in the leaves ranged from 1.19 to 2.42%, and the lowest values were reported in summer, 1.19% and 2.05% for 24y-T and 12y-T, respectively.
The mean concentrations of N and Ca contents were higher in our samples with respect to the values reported by other authors in Leccino, Barnea and Frantoio cultivars [21] [22] [23] , probably because of genetic and pedoclimatic differences. The leaf P contents were generally lower than the optimal values for the olive tree, 0.15−0.21%, as reported by [24, 25] . However, leaf P concentrations were similar to the results reported Table III . Mineral composition of fruits harvested from 24-year-old (24y-T) and 12-year-old (12y-T) olive trees (in 2014 and 2015) . Data represent mean values of three replicates for each type of tree, year and month (n = 8).
Year
Month by [22] in the Barnea cultivar. In general, leaf N, P, K and Ca contents were higher in 12y-T than in 24y-T, probably due to the different fruit loads of the two types of trees (70 kg in 12y-T vs. 160 kg in 24y-T). Since the developing fruit is a strong sink for nutrients and the yield efficiency was 6.23 kg olives m −3 of canopy in 12y-T and 9.12 kg olives m −3 of canopy in 24y-T, fruit of 24y-T was capable of attracting more nutrients than those of 12y-T. In fact, a higher macro-element concentration was reported in the fruit of 24y-T compared with 12y-T.
Leaf macro-element accumulation in 12y-T revealed that the young vegetative organs become the main reserve for N, P and K, with significant dynamic seasonal patterns. In fact, these elements can be accumulated or remobilized according to the physiological needs of the tree [22] . The accumulation of leaf macro-elements in both types of trees during the winter period is functional to the constitution of N, P, K and Ca reserves during vegetative rest to be used in spring. In fact, N concentration in 'Frantoio' ranged from 1.0 to 1.3% (dry weight), with higher values in mid-October than in mid-June [23] .
In spring, a significant decrease in leaf N, K and P content was found in both types of trees. This decrease is probably ascribable mainly to the high demand for these elements for shoot and fruit growth. The nitrogen stored in leaves during the "off-year" is mobilized at the beginning of the spring of the next year ("on-year") to support both the new shoot growth [26] and the high pollen grain production [27] .
The leaf macro-element concentration decreased during summer, and our data are in agreement with those recently reported [22, 28] . This decrease can be due to the high intake of these elements by olive fruits for growth and the successive oil biosynthesis [26, 29] . However, Fernandez-Escobar et al. [30] and Proietti et al. [31] reported that during the "on-year", more than 60% of the N leaf amount was accumulated in the fruits at the end of the year, clearly indicating that the fruit is the most powerful sink for this element. Nutritional reserves (N, P, K, etc.) in the roots are in dynamic equilibrium with the centers of use. In fall, these elements are accumulated in the roots and in spring they are mobilized toward growing organs (shoots and fruits) and the growing fruit is the strongest sink [31] . During the ripening period, 60% of the total K was found in fruits, and then it remained steady until the moment of harvest [32] . A significant increase in macro-element levels was reported during the fall period and this result can be explained by the sampling time, when fruits had already accumulated nutrients and reached the final size. This hypothesis was confirmed by the unchanged macro-element concentrations in the fruit from October to December. As observed by [25] , leaf K concentration increased when olives reached the mature size, and for the cultivar Chemlali this happened in October [18] .
Influence of the tree age on the seasonal variation of mineral composition of olive fruit
The mineral contents of olive fruit are reported in table III. The N, P and K contents are significantly higher in 24y-T than in 12y-T, probably because of higher yields in 24y-T (160 kg) than in 12y-T, which let the fruit of the older trees act as a stronger sink.
Nutrient accumulation in summer demonstrates that N and K migrate from leaves to fruits for protein and amino-acid synthesis. In fact, N is essential for the primary metabolites such as amino acids, proteins and nucleotides, as well as for numerous secondary metabolites [22] . Connor and Fereres [33] found a large amount of K in olives, in accordance with our results, with an increase in K from fruit growth to ripening. The significant decrease in N, K and P contents in fruits reported in the fall period may be the consequence of: (i) the increased size of the drupe and (ii) the reduction of water content. Lower-case letters indicate significant differences between the two types of tree according to the LSD test (P 0.05).
Olive fruit and oil characteristics
The mean values of water content (WC) in olive fruits only ranged from 53.48 to 55.52% (table IV) . These results are in agreement with the results reported by [34] for the same cultivar. The average oil content (OC) of the olives harvested from both types of trees varied between 50.96 and 51.91% (table IV). The average WC and OC values were similar in olives harvested from either 24y-T or 12y-T, and this two-year study indicated that the olive tree age did not influence these parameters in 'Chemlali' olives.
Extra-virgin olive oil is a liquid fat that conforms to a series of chemical and sensory parameters (free fatty acidity 0.8 g oleic acid 100 g −1 oil, peroxide value 20 meq O 2 kg −1 , K 232 2.50, K 270 0.22) [35] , and is free of defects (median of defects = 0, median of fruity > 0). Both oils from 24y-T and 12y-T belong to the extra-virgin olive oil commercial class (table IV). In fact, both oils showed very low percentages of free acidity and peroxide value (index of primary oxidation), and all values were always below the legal limit. The free acidity (FA) of the examined oils ranged from 0.26 to 0.28% oleic acid. The mean values of the specific extinction coefficients ranged from 1.81 to 1.87 and from 0.13 to 0.15 for K 232 and K 270 , respectively. These results show that the olive tree age did not influence these analytical parameters. The total phenols (TP) contents of oils ranged from 91 to 110 mg kg −1 (as caffeic acid) and were significantly similar to the mean values reported by several authors for 'Chemlali' irrigated trees [3, 36] .
The only difference was observed for TP, which were significantly lower in oils from 24y-T than from 12y-T (table IV) . This might be ascribed to: (i) the tree age, which can influence the L-phenylalanine ammonia-lyase activity, a key enzyme in the polyphenol biosynthesis [37] ; (ii) the K concentration of the fruit, which has been reported to determine an earlier change of fruit color from green to black [38] , resulting in a decrease in TP, and (iii) different development of the root system of the two types of trees, less developed in the 12y-T (more sensitive to water stress). With regard to this last aspect, in 2015 the lower rainfall (128 mm) with respect to 2014 (254 mm) may have stressed the smaller root system of 12y-T more with respect to that of 24y-T, thus increasing the TP content.
Furthermore, the lowest TP content of oil obtained from olives picked from 24y-T could also be due to the high N content of the fruits, which promoted the synthesis of proteins rather than phenols. The mean values of the induction time (IT) ranged from 52 (24y-T) to 65 h (12y-T). The difference was positively correlated (r 2 = 0.86) with the total phenol content, as also previously reported [39] [40] [41] [42] .
The concentrations of fatty acid methyl esters (FAMEs) were within the legal limits (table V). As expected, the most abundant fatty acid was oleic acid (C18:1). Its contents ranged from 57.59 to 59.23%. Moreover, the amounts of palmitic (C16:0) and palmitoleic (C16:1) acids varied from 16.48 to 19.05% and from 1.96 to 2.59%, respectively. With regard to the polyunsaturated fatty acids (PUFAs), linoleic acid (C18:2) content ranged from 17.22 to 17.85%, whereas the linolenic acid (C18:3) level varied between 0.58 and 0.76%. The results showed that palmitic, palmitoleic, stearic and linolenic acid concentrations were higher in oils from 24y-T than in oils from 12y-T. The increase in linoleic and stearic acid contents is probably due to the transformation of oleic acid into linoleic and stearic acids by the oleate and stearoyl-ACP_9 desaturase activity, respectively, enzymes which are active during triacylglycerol biosynthesis [43] .
Conclusion
This study demonstrated that the olive tree age affected the annual macro-element balance in roots, leaves and fruits of olive trees and influenced the virgin olive oil (VOO) quality in an irrigated 'Chemlali' olive grove. The fruit contents of N, P and K were significantly higher in 24y-T than 12y-T, probably because the former acted as a stronger sink (higher fruit load) for nutrients from leaves and roots. Moreover, the more developed root system of 24y-T could have played a significant role. Finally, the olive tree age affected the total phenol content, induction time and fatty acid composition of the VOO, whereas no significant effects were found on water and oil contents or on standard quality parameters.
